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]f y-Aminobutyric acid (GABA) evokes membrane hyperpolarization by opening 

multisubunit anion channels (GABA a receptors) permeable to chloride and bicar¬ 
bonate. 1 ** 3 Like the canonical muscle nicotinic receptor, GABA a receptor subunits 
most likely form a “ring of five” with a central ion conducting pathway in the 
■* center. 4 * 5 Quantal analysis of a typical central synapse (inhibitory postsynaptic 

i ; currents of hippocampal dentate granule cells) suggests the existence of GABA a 

receptor clusters containing 20 to 30 channels. 6 A rich variety of allosteric modula¬ 
tors such as 1,4-benzodiazepines (Bzs), barbiturates, divalent .metal cations (espe¬ 
cially zinc), steroids, and substituted pyrazinones 3 - 7 " 9 ail modify, by differing mecha¬ 
nisms, the GABA-evoked channel activity. 

GABA a receptor heterogeneity can be inferred from both ligand binding/ 
autoradiography, 9 " 11 and electrophysiology. 9 " 14 Not all GABA-activated channels 
exhibit all modulatory effector sites. 10 ' 15 For example, some GABA a receptors are 
insensitive to benzodiazepine agonists, 15 " 17 and steroid and zinc modulation of 
GABA receptors varies in a brain region-dependent manner. 9 ’ 18 This pharmacologi¬ 
cal heterogeneity arises because different GABA a receptor subtypes are derived 
combinatorially from members of different sequence-related subunit classes, the 
, subunit combinations varying with brain region and cell type. In mammals, these 

comprise six alpha, three beta, three gamma, one delta, and two rho subunits. 1 3 
Based on predictions from primary sequence, the subunits all share the same 
architectural design, 4 and ,pairwise comparisons show approximately 30 to 40% 
sequence similarity between members of different subunit classes and 60 to 80% 
sequence identity between variants within the same class. 1 The stoichiometry of 
subunits within the pentamer (for example, [al] 2 [p2] z y2 or al[(32]3y2) of any given 
receptor assembly is unknown. In vivo the subunit composition varies depending on 
both cell type and probably on subcellular location (e.g., soma versus dendrites). 12 - 19 
The frustrations of investigating GABA a receptors are universal ones faced by 
researchers working on any other ligand-gated ion channel that is put together from 
different subunit components. The arithmetical number of potential subunit combi¬ 
nations is very high, and it is likely that many neuronal cell types probably express 
more than one type of receptor; 20 it must be determined which combinations are 
found in vivo and in which brain areas. The general research program is to define 
receptor subtypes on any given neuronal class with a combination of techniques*, in 
situ hybridization, 21 " 24 immunocytochemistry, 20 - 25 " 27 immunoprecipitation and immuno- 
purification, 28 " 30 and patch-clamping of identified neurons in brain slices combined 
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with single-cell PCR. 6 - 31 Having defined receptor combinations, what is their func¬ 
tional significance? So far, only broad statements and suggestions can be made. For 
example, different parts of a cell are innervated by different classes of GABAergic 
intemeurons. 32 It might be that different GABA a receptors on different parts of the 
cell correlate with these different GABAergic inputs, for example, different GABA a 
receptor subtypes on proximal dendrites, distal dendrites, and the cell body. 12 
Differential subcellular distribution of subtypes is supported by immunocytochemis- 
try using subunit specific antibodies. 20 - 25 * 27 Gene targeting and natural mutations also 
provide a way of assessing subunit function. 33-35 Beyond general statements, there 
are no clear answers to questions concerning the exact composition, distribution, and 
function of receptor subtypes. Subunit combination alp2y2 is the most plausible one 
known with any certainty, 22 - 29 but this is complicated by having to take into account 
whether y2S, y2L or both y2 variants are present in the complex. 36 


FUNCTIONS OF THE SUBUNIT CLASSES 

Although we do not understand the significance of receptor diversity, research 
has progressed in defining the mechanics and features of a generalized GABA a 
receptor. 1-3 The a subunits determine benzodiazepine pharmacology when coex¬ 
pressed with any g subunit and a y2 subunit. 37 Structural variations in the a subunits 
confer different sensitivities to Bz ligands, and the a subunits are responsible for 
much of the pharmacological heterogeneity reported for GABA a receptors. I6-18 - 33 * 38 
The Bz pharmacology can be largely traced to a single amino acid residue in the 
predicted N-terminal extracellular domain of the receptor. 17 Recombinant axpxy2 
complexes fit nicely with the Bz pharmacological heterogeneity data established 
prior to the cloning of the receptors, 10 and this is further supported by the differential 
distribution of the a subunits combined with the more universal expression of y2, 
largely fitting with the Bzl/Bz2 ligand autoradiography data. 10 - 22 - 23 The odpX 72 
combination is Bzl, whereas those of a2fixy2, a3pxy2, and a5(3xy2 are variations of 
Bz2 subtypes. 38 Mice with specific ct5 subunit gene deletions are apparently healthy 
and viable. 35 

The a6pxy2 combination constitutes a Bz agonist insensitive subtype found on 
cerebellar granule cells (non Ro 15-4513 displaceable binding, Bz3 sub type).* I6J3 ‘ 
When combined with the y2 subunit in cell lines, the a4 subunit has the same. 
pharmacological features (i.e., in not binding Bz agonists) as the a6 subunit. 
However, there is no Bz-agonist-insensitive binding in the brain (other than in the 
cerebellar granule cells), suggesting that the a4 subunit is not found with the y2 
subunit in vivo, although its mRNA is abundant in forebrain, 22 The_a4 and a6 
subunits share the same pharmacology because of the absence of a conserved 
histidine residue that is present in. ail the other a subunits. 17 The a6 subunit (or at 
least the absence of the critical histidine that prevents Bz agonist binding) is clearly 
needed for some specific functioning of the granule cells. A natural point mutation 
that confers Bz agonist binding onto the a6 subunit correlates with impaired motor 
control when the animals are given diazepam, and even in the absence of pharmaco¬ 
logical treatment, these animals are reported to have a diminished behavioral 
reaction to stress. 33 This latter observation might be explainable by an endogenous 
agonist acting at the Bz site. 

The p subunits are important structural components of GABA a receptors, but 
are broadly interchangeable within the context of an axpxy2 complex when used in in 
vitro assays. 39 In vivo , based on co-distribution patterns, p2 probably pairs throughout 
the central nervous system with al, and P3 colocalizes in many areas with a2. 22 The 
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distribution of (31 mRNA bears a superficial resemblance to that of a5, with both 
mRNAs being particularly abundant in the hippocampus. 22 However, some ceil 
types, such as mitral cells of the olfactory bulb express all three (3-subunit genes, so 
there are many exceptions to a simple pairing scheme. Native (but not recombinant) 
(3 subunits may differ in sensitivity to steroids and muscimol. 3 ’ 11 ’ 39 The anticonvulsant 
loreclezole is selective for recombinant receptors containing (32 and (33 subunits over 
those containing the (31 subunit. 40 Mice with (33 gene deletions have neurological 
deficits characterized by tremor and jerky gait. 34 ’ 35 This is not surprising considering 
that (33 is the dominant (3 subunit in the hippocampus, caudate-putamen, and spinal 
cord. 21 * 22 

All three y subunits confer Bz responsiveness to ap complexes, 37 - 41 but the most 
studied y subunit has been y2. The existence of the yl and y3 subunits forces 
revisions on the Bzl and Bz2 model. Receptors containing these subunits (e.g., 
axpxyl or ax(3xy3) probably went previously undetected because of much lower 
affinities and efficacies for benzodiazepines. 41 - 42 However, these receptors are likely 
to be specialized. The yl subunit mRNA is particularly abundant in certain limbic 
and hypothalamic areas (medial amygdala and septum) where it is probably present 
in an a2|33yl complex. 22 The y3 subunit mRNA is generally rare, being most 
abundant in the medial geniculate thalamic nucleus. 22 - 42 Both yl and particularly y3 
subunit gene expression are much .more prominent in younger animals. 24 Mice with 
specific y3 subunit gene deletions are apparently normal. 35 

The function of the 8 subunit 43 is unknown (this is discussed more fully in the 
section on the cerebellum). Receptors assembled from p subunits are probably 
retinal-specific and can be activated by the agonist cfy-4raminocrotonic acid but are 
insensitive to the classical GABA a drugs, bicuculline, barbiturates, and benzodiaz¬ 
epines, which has lead to the proposal that p subunits be designated GAJBAo 15 


GABAa RECEPTOR EXPRESSION IN THE CEREBELLUM 

The cerebellum can be used as a case study to work out and dissect GABAa 
receptor heterogeneity. The cerebellum is an evolutionarily conserved structure, 
consisting of a small number of neuronal and glial cell subtypes identifiable by their 
position and size with a relatively well defined synaptic circuitry (Fig. I). 44 All 
neuronal cell types with the possible exception of the Golgi cells receive an inhibitory 
GABAergic input. The GABAergic Golgi cells synapse onto granule cells. GABAer- 
gic stellate/basket interneurons in the molecular layer synapse onto Purkinje cells. 
These send reciprocal inhibitory processes back onto the stellate/basket neurons as 
well as project to the deep cerebellar nuclei. Bluntly stated, if GABA a subunit 
combinations cannot be completely worked out for the cerebellum, it is unlikely, with 
perhaps the exception of the olfactory bulb and retina, that they will be worked out 
anywhere else in the, brain, where synaptic circuitry is so much more complicated and 
many cell types or connections remain only partially characterized. However, even 
for the cerebellum, it is amazing to learn that new ceil types are still being defined, 
for example, the unipolar brush cell that is found in certain granule ceil folia. 45 

Autoradiographic studies complement our molecular biology knowledge of 
GABA a receptor heterogeneity in the cerebellum, but as discussed below, inferring 
subunit composition from this data is not necessarily simple. Additionally, although 
electrophysiological characteristics of GABA a receptor-channel complexes ex¬ 
pressed in vitro depend upon subunit composition, 7 - 46 physiological distinctions 
between GABAa synaptic responses corresponding to the demonstrated molecular 
heterogeneity have not been clearly identified (see below). 
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MOLECULAR LAYER 

In the rodent, Bz agonists (e.g., [ 3 H]flunitrazepam) bind predominantly to the ; 
molecular layer (which consists of Purkinje cell dendrites, stellate/basket cells, 
Bergmann glial processes, and the axon terminals of granule cells) (Fig. 1), whereas 
GABA a agonists that highlight high-affinity sites ([ 3 H]GABA, [ 3 H]muscimol) bind 
mainly to the granule cell layer consisting of granule cell bodies and Golgi cells. 


FIGURE. 1. Schematic summary of the circuit diagram of the cerebellum indicating which cell 
types express the various subunits. Inhibitory (GABA releasing cells) are. marked GAO 
(glutamic acid decarboxylase). Excitatory terminals are filled circles marked. Inhibitory 
terminals are open triangles marked ’\ Subunits in parentheses are'much more weakly 
expressed. The figure is modified frozh Farrant and Cull-Candy , 44 and the data taken from in 
situ hybridization 23 and immunocytochemistry studies . 20 * 25-27 - 29 The Golgi cell expression data 
are not well characterized. The tentative a3 assignment comes from bovine brain , 49 the 7 1 from 
chicken , 54 but there is no evidence to support this combination in the rat. 


However, even though high-affinity GABA a agonist sites are scarce in the molecular 
layer, Bz binding is still enhanced (via allosteric mechanisms) by GABA in this 
sector, suggesting that the molecular Bz sites are functional GABA a receptors. 10 
GABA a sites are more abundant in the molecular layer when assayed with the 
antagonist [ 3 H]bicuculline methochloride (BMC), which binds low-affinity sites. 10 
The majority of Bz binding sites in the molecular layer (greater than 90%) have a 
selectively high affinity for (3-carbolines and are thus designated Bzl. 10 The GABA a 
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antagonist [ 3 H]SR-95531 binds relatively poorly to the molecular layer , 10 - 47 Com¬ 
pounds like picrotoxin and cage convulsants block GABA chloride channel openings, 
and their receptor sites can be radiolabeled with r-butyl bicyclophosphorothionate 
(TBPS) or the analogue r-butyl bicyclo-orthobenzoate (TBOB ). 10 As for the other 
drug binding sites, the allosteric nature of the GABAa receptor complex means that 
the binding of TBPS and TBOP is affected by the presence of,GAB A, zinc, steroids, 
benzodiazepines, and barbiturates . 9 - 18 For example, [ 3 H]TBOB binding (which in the 
absence of GABA a antagonists is found mainly over the molecular layer of the 
cerebellum) is markedly reduced by 100 p,M zinc, whereas this concentration of zinc 
has no effect on TBOP binding in many other brain regions, for example, the 
thalamus, cortical laminae V-VI, and the colliculi . 9 

The major receptor subunit combination accounting for the molecular layer 
pharmacology is likely to be an al £ 2(3372 combination on Purkinje cell dendrites and 
an al£2y2 combination on stellate/basket ceils . 22 This is supported by immunocyto- 
chemistry showing relatively little subunit immunoreactivity on Purkinje cell soma, 
but large amounts on dendrites . 29 - 48 On the Purkinje cell dendrites it is not clear 
whether the £2 and £3 subunits are assembled into a single or separate receptor 
complex. An al£xy 2 complex would display Bzl pharmacology . 37 It is not known 
which 72 splice forms ( 72 S or 72 L) are present in the Purkinje and stellate/basket 
combinations,, but PCR analysis on cDNA extracted from whole rat cerebellum 
reveals that bothy2S and y2L are equally abundant . 36 In some systems, the presence 
of the 72 subunit confers zinc insensitivity to ax£xy 2 receptors , 2 - 3 but because 72 is 
abundant on the Purkinje cell dendrites as part of a probable al£ 2 /£ 3/72 complex 
and because the TBOP binding over the molecular layer is completely reduced by 
zinc, the relative abundance of the y 2 subunit cannot be the sole determinant of 
regional differences in the zinc sensitivity of GAB A a receptors . 9 

The ct3 subunit protein and mRNA is additionally present in the molecular layer, 
probably in stellate/basket cells . 23 - 25 The ct2 and 7 I subunits are probably on the 
Bergmann glial fibers whose cell bodies originate in the Purkinje cell layer . 21 - 22 - 49 The 
function of such glial GABA a receptors is not known. 


CEREBELLAR GRANULE CELLS 

In the rodent, the cerebellar granule cell layer has far fewer high-affinity Bz 
agonist sites, but a much higher density of high-affinity muscimol sites than the 
molecular layer . 10 However, a high density of agonist-insensitive Bz binding is 
present in the cerebellar granule cells , 33 that is, a high proportion of the partial 
inverse agonist [3H]Ro 15-4513 binding.in granule cell membranes is not displace¬ 
able by an excess of unlabeled flunitrazepam or diazepam—“diazepam insensitive 
binding.” This pharmacology is explained by the unique presence of the a 6 subunit 
(see below ). 16 In contrast to the molecular layer, [ 35 S]TBPS binding over the granule 
cell layer is only found when GABA agonist sites have been blocked by the GABA a 
antagonists SR 95531 and bicuculline , 18 that is, [ 35 S]TBPS binding over the granule 
cell layer is more sensitive to GABA than that in the molecular layer. However, the 
internal rim of the granule cell layer has a small amount of [ 35 S]TBPS binding that is 
insensitive to 50 jxM GABA 18 - 50 suggestive of granule cell heterogeneity. 

Rat cerebellar granule cells express six subunit genes (al, a 6 , £2, £3, 72 , and 5) 
abundantly and several others (a4, £1, y3) weakly at the mRNA level . 23 Granule cells 
also contain large quantities of al, a 6 , £2/£3, and 5 subunits as assessed by 
immunocytochemistry , 20 - 26 - 27 - 48 and moderate amounts of y 2 immunoreactivity .- 9 
Even if one only takes into account the six most abundant subunits and assumes a 
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pentameric complex, this must mean at least two abundant receptor subtypes on 
granule cells with a possible low background of other subtypes containing a4, pi, and 
73 subunits. Alternatively, subsets of granule cells might express just one receptor 
subtype. However, in the rat, the synapses established by Golgi cell terminals on the 
dendrites of granule cells are immunoreactive for the al, a6, and [32/3 subunits in 
virtually all glomeruli, indicating that the al and a6 subunits are likely to be 
coiocalized at the same synapse. 20 The cell bodies of the granule cells (which do not 
receive synapses) are negative for the a6 subunit, although they stain with the al and 
(32/3 subunit specific antibodies. 20 This suggests synaptically located al and a6 
receptors on granule cell dendrites, and extrasynaptical-containing receptors on the 
granule cell body. 20 It is an interesting question as to whether the al and a6 subunits 
fn the granule cell glomeruli are assembled into a single complex or are present in 
two parallel receptors in the same synapse. On the one hand, immunoprecipitation 
studies (cited as unpublished data in ref. 20) and. cotransfection experiments 
(transfecting al, a6, (32, and y2 encoding expression plasmids) in an embryonic 
kidney cell line imply that al and a6 subunits do not co-assemble. 18 However, other 
immunoprecipitation studies report that a6 frequently associates with al, |32/[33, 
and y2 51 or at least that there is a partial coexistence (10% of receptors) of a6 with 
the al subunit. 52 Beyond the specific case of the cerebellum, there is evidence that 
GABA a receptors can contain different a subunits within the same complex. The al 
and a3 subunits can co-assemble as an alo3(3272 complex in embryonic kidney 
cells, 46 and immunopurification from neocortex suggests that a minority of GABA a 
receptors do contain heterologous a-subunit pairs (e.g., a2a3). 52 

The 8 subunit remains a dark horse. 43 An initial observation noted that the 
8-subunit gene was most prominently expressed in neurons whose dendritic pro¬ 
cesses exist in complex synaptic arrangements with other neurons—glomeruli or 
rosettes—and it was therefore suggested that it is involved in synapses, mediating 
surround inhibition 43 Its mRNA and protein are particularly abundant in cerebellar 
granule cells. 24 ’ 26 ’ 43 No pharmacology data from in vitro studies are available. It has 
been suggested from immunopurification experiments that a proportion of 8 subunits 
are associated with Bz agonist-responsive complexes containing al, a3, p2/p3, and 
72 subunits in various forebrain regions. 30 However, the distribution of 8 subunit 
mRNA 21 * 22 ’ 43 and protein 26 does not correlate with distribution of the majority of Bz 
agonist sites. 10 This is especially true for the granule cell layer of the cerebellum. 
Based on mRNA distribution, the 8 subunit might be preferentially associated with 
non-BZ agonist binding a subunits (i.e., a4 and a6) in the forebrain and cerebellar 
granule cell layer, respectively, to perhaps form muscimol-sensitive, BZ-insensitive 
receptors. 10 ’ 22 Indeed, other immunoprecipitation results reveal that both a6 and 8 
subunits coexist in a receptor complex that binds [ 3 H]muscimol, but not benzodiaz¬ 
epines (cited as unpublished dataMn ref. 20). Immunoreactivity for the 8 subunit 
seems to be concentrated in the glomeruli, suggesting colocalization with the a6 
subunit. 20 - 26 . 

Do the different arrays of subunits expressed between Purkinje cells and granule 
cells translate into functional differences between the GABA a receptors of these two 
cell types? Whole-cell recordings of spontaneous inhibitory, postsynaptic currents 
(sIPSCs) in cerebellar Purkinje cells decay with a single fast exponential, whereas in 
granule ceils sIPCs decay with the sum of a fast .and slow exponential curve. 13 This 
difference might arise as a product of a mixed activation of two GABA a receptor 
populations, 13 perhaps because of the a6 and 8 in granule cells, but not in Purkinje 
cells (Fig. 1). The a subunit that is functionally related to a6 (the a4 subunit) is also 
present with the 8 subunit in hippocampal dentate granule cells which similarly have 
a double exponential sIPSC decay. However, Puia et al . 13 caution that slow GABA- 
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